ABSTRACT: Samples of sorghum distillers dried grains with solubles (DDGS) were collected and analyzed to establish a nutrient database and evaluate the quality and consistency between and within 5 ethanol plants in Kansas and Texas. Each sample (n = 21) was analyzed for AA, DM, CP, crude fiber, crude fat, ash, NDF, ADF, trace minerals, and starch. Mean values (DM basis) were 0.88% Lys, 10.49% crude fat, 34.21% CP, and 4,722 kcal/kg GE. The standard deviations among sorghum DDGS plants were similar to those within plants for most nutrients. Results of these analyses were used to formulate diets for 2 nursery trials. The 2 experiments were conducted to determine the effects of adding sorghum DDGS (29.0% CP and 7.2% crude fat) to cornor sorghum-based diets on nursery pig growth performance. In Exp. 1, 360 nursery barrows (6.8 kg and 26 d of age) were used in a 34-d study. Pigs were allotted to 1 of 8 dietary treatments with 5 pigs per pen and 9 pens per treatment. Treatments were arranged in a 2 × 4 factorial with main effects of grain source (corn vs. sorghum) and sorghum DDGS (0, 15, 30, or 45%). Diets were formulated to 1.30 and 1.25% standardized ileal digestible (SID) Lys in phases 1 and 2, respectively, but were not balanced for energy. Overall, there were no differences among pigs fed sorghum-or corn-based diets for ADG and ADFI; however, as sorghum DDGS increased from 0 to 45% of the diet, ADG decreased (linear, P < 0.01). There was a DDGS × grain source interaction (linear, P < 0.04) observed for G:F. In corn-based diets, pigs fed increasing sorghum DDGS had relatively similar G:F. However, in pigs fed sorghum-based diets, G:F was best for those fed 0% DDGS but was decreased in pigs fed 15, 30, or 45% sorghum DDGS. In Exp. 2, 180 nursery pigs (10.7 kg and 38 d of age) were used in a 21-d study with 6 pigs per pen and 5 pens per treatment. Treatments were arranged in a 2 × 3 factorial with main effects of grain source (corn vs. sorghum) and DDGS (0 vs. 30% corn or sorghum DDGS). Diets were formulated to 1.27% SID Lys and were not balanced for energy. Overall, there were no differences in ADG among pigs fed sorghum-or corn-based diets as well as no differences among pigs fed sorghum or corn DDGS. Pigs fed diets with 30% DDGS gained less (P < 0.03) than pigs fed basal diets. These results indicate sorghum can be a suitable replacement for corn in nursery pig diets, but increasing sorghum DDGS decreased ADG.
INTRODUCTION
Distillers dried grains with solubles (DDGS) is a by-product of ethanol production that is commonly used in swine diets to lower feed costs, but concerns about consistency and quality variation among ethanol plants present challenges to swine nutritionists in formulating diets with DDGS. Distillers dried grains with solubles also tend to have low Lys and Trp concentrations, thus limiting their inclusion rate (Spiehs et al., 2002) . Quality of DDGS depends on crop selection, fermentation, and drying temperature and duration (Spiehs et al., 2002) . Although most of the information gathered to date has focused on corn DDGS, little information is available about sorghum DDGS from the Great Plains region.
Producers from Texas to South Dakota have grown sorghum for many years due to its ability to thrive in dry conditions. This large production of sorghum accompanied by the rapid increase in demand for grain for ethanol production has resulted in greater availability of sorghum DDGS in this geographical area.
Sorghum has an energy value of 96% of the value for corn and can be a complete replacement for corn in swine diets (Carter et al., 1989) ; however, in many recent trials, low-tannin sorghum with proper feed processing and diet formulation has been shown to result in equal pig performance to corn-based diets (Shelton et al., 2004; Issa, 2009; Benz et al., 2011) . Although a large amount of information is known about the nutritional value of sorghum grain, little is known about the ethanol by-product, sorghum DDGS. Therefore, the objectives of these studies were to determine the nutrient content of Great Plains sorghum DDGS and to compare corn-and sorghum-based diets to determine the effects of increasing sorghum DDGS on nursery pig growth performance.
MATERIALS AND METHODS

General
All practices and procedures used in these experiments were approved by the Kansas State University Institutional Animal Care and Use Committee. Experiment 1 was conducted at the Kansas State University Segregated Early Weaning Facility. Experiment 2 was conducted at the Kansas State University Swine Teaching and Research Center, Manhattan.
Sorghum Nutrient Analysis
A total of 21 samples of sorghum DDGS were collected from 5 plants in the Western Plains Region (KS = 4 and TX = 1) in May and June 2010. Four of the plants contributed 4 individual samples, and 1 plant contributed 5 individual samples. Of the 5 ethanol plants, 3 produced pure sorghum DDGS whereas 2 produced a DDGS mixture of either 60 or 70% sorghum with 40 or 30% corn. The 21 samples were then divided into subsamples for proximate and mineral composition analyses (Ward Laboratories, Kearney, NE; method 975.44; AOAC Int., 2007) , AA analysis (University of MissouriColumbia, Columbia, MO; AOAC Int., 2007) , and particle size analysis (Kansas State University). Gross energy of the samples was determined with an adiabatic bomb calorimeter (Parr Instruments, Moline, IL). Digestible energy, ME, and NE values on a DM basis were then calculated using the following equations:
DE kcal/kg = -174 + (0.848 × GE) + {2 × [100 -(CP + ether extract + Ash + NDF)]} -(16 × ADF); Ewan (1989) , ME kcal/kg = (1 × DE) -(0.68 × CP); Noblet and Perez (1993) , and NE kcal/kg = (0.726 × ME) + (13.3 × ether extract) + (3.9 × starch) -(6.7 × CP) -(8.7 × ADF); Noblet et al. (1994) .
Descriptive statistics (Microsoft Excel 2007; Microsoft Corp., Redmond, WA) were used to calculate the mean of each plant as well as the samples within each DDGS type. Descriptive statistics also were used to calculate the standard deviation from samples within each plant, within all samples of each DDGS type, and among plants within each DDGS type (Tables 1, 2 , 3, and 4).
Experiment 1
A total of 360 nursery barrows (1050; PIC, Hendersonville, TN) with an initial BW of 6.8 kg were used in a 34-d growth study to determine the effects of increasing sorghum DDGS on growth performance. Pigs were approximately 19 d of age at weaning and were fed a common pelleted starter diet for 7 d. At weaning, pigs were allotted to pens by initial BW. Pens of pigs were randomly allotted in a completely randomized design to 1 of 8 treatments on d 7 postweaning; therefore, d 7 postweaning is d 0 of the experiment. There were 5 pigs/pen and 9 pens/treatment. Each pen (1.5 × 1.5 m) had metal slatted floors, one 5-hole self-feeder, and a nipple waterer. Throughout the study, the pigs had ad libitum access to feed and water.
Treatments were arranged in a 2 × 4 factorial with main effects of grain source (corn vs. sorghum) and sorghum DDGS (0, 15, 30, or 45%) . The diets were formulated using sorghum and corn nutrient values derived from NRC (1998 ; Table 1 ). Standardized ileal digestibility (SID) values for the sorghum DDGS were derived from Urriola et al. (2009) . The SID values for corn DDGS were derived from Stein (2007) . Other nutrient values for sorghum DDGS were derived from previous analyses of sorghum DDGS samples collected from the ethanol plant where the sorghum DDGS used for this study originated (source 1; Table 5 ). The digestibility of P in sorghum DDGS was assumed to be equal to that of corn DDGS (77%). The sorghum grain used in this study was a red pericarp variety, and the corn grain used was #2 yellow dent. The corn DDGS used were golden brown, and the sorghum DDGS were slightly darker than the corn DDGS in visual color. Pigs were fed either cornsoybean meal-or sorghum-soybean meal-based diets containing increasing sorghum DDGS (0, 15, 30, or 45%) in 2 phases (d 0 to 14 and d 14 to 34; Tables 6 and 7, respectively). All pigs and feeders were weighed on d 0, 14, and 34 to determine ADG, ADFI, and G:F.
Experiment 2
A total of 180 nursery pigs (Line 327 × 1050; PIC, Hendersonville, TN) with an initial BW of 10.7 kg were used in a 21-d trial to determine the effects of grain and DDGS source on growth performance. At weaning, pigs were approximately 21 d of age and fed a common mash starter diet for 17 d. Pigs were allotted to pens by initial BW to achieve the same average weight for all pens at weaning. Like Exp. 1, pens of pigs were randomly allotted to 1 of 6 dietary treatments on d 17 postweaning; therefore, d 17 postweaning is d 0 of the experiment. There were 6 pigs/pen and 5 pens/treatment. Each pen (1.2 × 1.5 m) had woven wire flooring, one 3-hole, dry self-feeder, and a nipple waterer to provide ad libitum access to feed and water.
The dietary treatments were arranged in a 2 × 3 factorial with main effects of grain source (corn vs. sorghum) and DDGS (none, 30% corn DDGS, or 30% sorghum DDGS). The corn, sorghum, and sorghum DDGS nutrient values were the same as those used in Exp. 1. The sorghum DDGS used in this study was from the same plant and batch as the one used in Exp. 1. Dietary treatments were fed for 21 d (Table 8 ). Pigs and feeders were weighed on d 0, d 7, d 14, and d 21 to determine ADG, ADFI, and G:F.
Statistical Analysis
Data were analyzed as a completely randomized design with pen as the experimental unit in both experiments. Both experiments were analyzed using the MIXED procedure in SAS (SAS Inst. Inc., Cary, NC). For Exp. 1, contrasts were used to make comparisons between the 1) linear and quadratic interactions of DDGS × grain source, 2) corn-and sorghum-based diets, and 3) linear and quadratic effects of increasing DDGS. In Exp. 2, contrasts were used to make comparisons between the 1) interaction of DDGS × grain source, 2) cornvs. sorghum-based diets, and 3) effects of none vs. 
RESULTS AND DISCUSSION
Nutrient Analysis
All nutrient values are presented on a DM basis (Tables 1, 2 , 3, and 4). Care must be exercised in that there are only 3 ethanol plants contributing samples of the pure sorghum DDGS and 2 plants for the sorghumcorn blend DDGS. Further samples were collected over a 2 mo period. For the pure sorghum samples, the average DM was 89.5% with a standard deviation of 0.96% (Table 1 ). The average CP was 34.2% with a standard deviation of 3.78%. The CP in DDGS from the two Kansas ethanol plants was consistently between 31 and 33%, with CP from the Texas plant considerably greater at 39.1%. It is possible that differences in initial CP content of the sorghum from each geographic location may have contributed to the differences in CP content to the individual DDGS. In comparison, values from Feoli (2008) showed the average DM value for sorghum DDGS was 88.3% with the CP value of 34.1% on a DM basis. The NRC (1998) reported the CP (converted to DM at 89%) to be 10.34% for sorghum grain. The CP of DDGS is generally 3 times greater than the CP of the grain from which it originated; therefore, values for the DDGS sampled in this study are generally close to this correlation.
The average crude fat content of pure sorghum DDGS was 10.49% with a standard deviation of 1.10%. The sorghum-corn DDGS samples were slightly greater in crude fat, which might be a result of the corn blended with the sorghum before fermentation. According to Feoli (2008) , the average value for crude fat in sorghum DDGS was 8.61%, less than the reported values in the present study.
For the pure sorghum DDGS samples, the average ADF was 26.43% with a standard deviation of 4.96%, and the average NDF was 35.07% with a standard deviation of 5.34%. The sorghum-corn DDGS samples had average ADF and NDF values of 22.07 (2.28) and 36.73% (1.46), respectively. Because NDF is more digestible than ADF, the sorghum-corn samples might be considered to have slightly greater digestibility than the pure sorghum DDGS samples. Stein (2007) reported the ADF and NDF of corn DDGS to be 13.48 and 44.94%, respectively. The average values for the sorghum grain (NRC, 1998) were lower for both ADF (9.33%) and NDF (20.22%) compared with the DDGS in the present study.
For AA, the average Lys content in the pure sorghum DDGS was 0.88% whereas the sorghum-corn DDGS samples had a value of 0.87% (Table 2) . Feoli (2008) reported sorghum-based DDGS had 0.97% Lys, but Stein (2007) reported corn DDGS had 0.88% Lys. For sorghum grain, the NRC (1998) published a Lys 3 Sorghum-corn sample made from 60% sorghum and 40% corn.
4 Sorghum-corn sample made from 70% sorghum and 30% corn.
5 Assumed DM of 89.0% for nutrient calculations.
value of 0.22% as fed. The average Trp and Thr values for the pure sorghum DDGS were 0.26 and 1.04%, respectively. Tryptophan was greater in concentration than Feoli's (2008) Dietary phosphorus concentration is important because of its cost in the diet as well as its role in land based requirements for manure application. Both corn and sorghum DDGS contain relatively high concentrations of P, which are highly available to the pig, resulting in a decreased requirement of dietary inorganic phosphorus. The average P content of the pure sorghum DDGS was 0.72% whereas the content of the sorghumcorn DDGS samples was 0.74% (Table 3) .
The average ash concentration in the pure sorghum DDGS samples was 4.42%, with the Kansas ethanol plants (5.02 and 4.93%) producing higher values than the Texas ethanol plant (3.32%) in this study. The composite means and standard deviations for Ca, K, Mg, S, Na, Zn, Mn, Cu, and Fe were profiled to determine the amounts present in each sample.
The GE for the pure sorghum DDGS samples was 4,722 kcal/kg with a standard deviation of 94.2 (DM basis) whereas the GE for sorghum-corn DDGS samples was 4,825 kcal/kg with a standard deviation of 62.1 (DM basis; Table 4 ). The GE values for the sorghum-corn DDGS samples were greater than those of the pure sorghum DDGS samples, which was expected because corn has a greater energy content than sorghum grain (NRC, 1998) . In comparison, Feoli (2008) reported a DE value of 3,466 kcal/kg for sorghum DDGS whereas Stein (2007) reported 4,140 kcal/kg for corn DDGS. The calculated DE, ME, and NE for the pure sorghum DDGS samples were 3,439 kcal/kg (120.3), 3,206 kcal/kg (138.8), and 2,025 kcal/kg (174.7), respectively. The NRC (1998) reported sorghum grain values for DE at 3,799 kcal/kg, ME at 3,752 kcal/kg, and NE at 2,533 kcal/kg on a DM basis. The DE, ME, and NE for the sorghum-corn DDGS samples were 3,592 kcal/kg (37.7), 3,370 kcal/kg (43.0), and 2,216 kcal/kg (71.0), respectively (Table 4) . The difference Table 3 Sorghum-corn sample made from 60% sorghum and 40% corn.
in energy content between sorghum grain and sorghum DDGS is wider than we expected. Research has shown that corn and corn DDGS have similar energy values (Pedersen et al., 2007) . Also, the energy value standard deviations of the pure sorghum DDGS were approximately double those of the sorghum-corn DDGS, meaning variation in energy content was larger within samples for the pure sorghum DDGS compared with the sorghum-corn DDGS samples.
Particle size of the pure sorghum DDGS samples varied from 447 to 843 µm, with an average of 670 µm. Range in average particle size between plants was considerable, which may have been influenced by the initial grind size of the sorghum before fermentation. The average of the sorghum-corn DDGS samples was 632 µm. Particle size, fat, and DM are generally considered the three biggest contributors to the flow ability of both corn and sorghum DDGS, with greater mois- 3 ME = (1 × DE) -(0.68 × CP).
4 NE = (0.726 × ME) + (13.3 × ether extract) + (3.9 × starch) -(6.7 × CP) -(8.7 × ADF).
5 Pure samples made from 100% sorghum.
6 Sorghum-corn sample made from 60% sorghum and 40% corn.
7 Sorghum-corn sample made from 70% sorghum and 30% corn. ture and fat content and smaller particle size negatively affecting flow ability.
Experiment 1
From d 0 to 14, a DDGS × grain source interaction (linear, P < 0.04) was observed for G:F. In corn-based diets, pigs fed increasing sorghum DDGS had relatively similar G:F. However, in pigs fed sorghum-based diets, G:F was best for those fed 0% DDGS but was decreased in pigs fed 15, 30, or 45% sorghum DDGS. Grain source did not influence ADG or ADFI; however, ADG decreased (linear, P < 0.01) as sorghum DDGS increased in the diet due to a tendency (P < 0.07) for decreased ADFI (Table 9) .
During phase 2 (d 14 to 34), there were no differences in ADG among pigs fed corn-or sorghum-based diets; however, ADFI increased (P < 0.04) and G:F decreased (P < 0.01) for pigs fed sorghum-based diets. Increasing sorghum DDGS in the corn-and sorghum-based diets decreased ADG (linear, P < 0.01), decreased G:F (linear, P < 0.01), and had no effect on ADFI.
Overall (d 0 to 34), a quadratic DDGS × grain source interaction (P = 0.03) was observed for G:F. As sorghum DDGS increased in corn-based diets, G:F was identical for pigs fed 0, 15, and 30% DDGS but decreased for those fed 45% DDGS. In sorghum-based diets, G:F was best for those fed 0% DDGS but was decreased in pigs fed 15, 30, or 45% DDGS. No differences in ADG and ADFI were found among pigs fed the corn-and sorghum-based diets; however, G:F decreased (P < 0.05) in the pigs fed sorghum-based diets. Increasing DDGS resulted in poorer ADG (linear, P < 0.01) and tended to decrease ADFI (linear, P < 0.07). Similar to the response for ADG, increasing DDGS resulted in decreased (linear, P < 0.01) final BW.
Experiment 2
Overall (d 0 to 21), no grain source × DDGS interaction was observed for ADG, ADFI, and G:F (Table 10). There were no differences among pigs fed diets containing either corn or sorghum DDGS for growth performance and in final BW.
As observed in Exp. 1, ADG and ADFI were not different among pigs fed corn-or sorghum-based diets; however, no difference was observed for G:F in pigs fed corn-based diets compared with those fed sorghum-based diets (Table 10 ). Increasing DDGS from 0 to 30% reduced (P < 0.03) ADG but did not affect ADFI or G:F.
Grain sorghum has been shown to be a suitable replacement for corn in nursery pig diets. In both experi- ments, increasing sorghum DDGS in the diet reduced ADG in a linear manner and numerically decreased ADFI. In Exp. 1, G:F was approximately 5% poorer in pigs fed sorghum-based diets vs. pigs fed corn-based diets, which is similar to the energy content differences between the two grains. Although increasing sorghum DDGS in the diet reduced ADG, increasing sorghum DDGS in the cornbased diets decreased G:F only when fed at the 45% level. Increasing sorghum DDGS in sorghum-based diets reduced G:F in a linear manner. In Exp. 1, the quadratic reduction of G:F in pigs fed 45% DDGS agrees with the results observed by Senne et al. (1996) when diets containing 0, 15, 30, 45, or 60% sorghum DDGS were fed to weanling pigs. However, Feoli et al. (2008) reported pigs fed corn-based diets with 30% corn or sorghum DDGS had reduced ADG and poorer G:F than those fed the corn-based basal diets. Furthermore, pigs fed the corn-based diet with 30% sorghum DDGS had poorer ADG and G:F than those fed the corn-based diet with 30% corn DDGS. These results agree with Exp. 1 and 2 regarding a decrease in nursery pig growth per- formance for corn-or sorghum-based diets with 30% corn or sorghum DDGS. Differences between Senne et al. (1995 Senne et al. ( , 1996 and Feoli et al. (2008) findings could be due to the added fat present in the treatment structures for the experiments conducted by Senne et al. (1995 Senne et al. ( , 1996 to make diets isocaloric, but these differences also could be due to differences in DDGS quality or diet formulation. As dietary sorghum DDGS increased, the linear decrease in ADG was expected due to a reduction of energy. Although DDGS have a greater concentration of GE than corn or sorghum grains, the digestibility of this energy is considerably less than (Pedersen et al., 2007) . In a series of 11 experiments, Pedersen et al. (2007) determined the apparent total tract digestibility of GE to be 90.4% for corn and 76.8% for corn DDGS. Feoli (2008) reported DE values for sorghum DDGS of 3,466 kcal/kg. In summary, the economic value of ADG and G:F must be evaluated when considering adding sorghum 
